We report the experimental realization and the characterization of polarization and momentum hyper-entangled two photon states, generated by a new parametric source of correlated photon pairs. By adoption of these states a successful "all versus nothing" test of quantum mechanics was performed.
The violation of Bell's inequalities has been recognized as the first, paradigmatic test of quantum nonlocality [1, 2] . As such, in the last decades it has been somewhat successfully realized by many two-particle experiments mostly performed by optical techniques [3, 4] .
However, in spite of the fact that today bipartite pure two-photon polarization-entangled states can be rather easily produced by Spontaneous Parametric Down Conversion (SPDC) in a non linear (NL) crystal, a quite unsatisfactory feature of the Bell's inequality method is that its probative effectiveness only applies to statistical measurement procedures. In the framework of this method the EPR local realistic picture can indeed explain perfect correlations implied by predictions to be tested by any definite, single experiment. This shortcoming does not affect the Hardy's "nonlocality test without inequalities", also referred to as "ladder proof of nonlocality", where a contradiction with Einstein's local realism can be demonstrated, at least in principle, by any single experimental test but only for a small fraction of the generated photon pairs [5, 6] . The extension to the full set of pairs is important as it provides a complete and startling demonstration of the conflict existing between the laws of quantum mechanics and the expectations of local realism. This test is offered by the "all versus nothing" nonlocality proof [7] and is based on the GHZ theorem [8] . It applies for the set of systems that are in the same GHZ state and has been experimentally demonstrated either for three-or four-photon entanglement [9] [10] [11] . In addition to their conceptual relevance, tests of quantum mechanics performed by states operating in a large dimension Hilbert space exhibit deviations from local realist expectations which are larger and more robust against noise [12] .
Recently, it has been suggested that the realization of GHZ theorem can be extended to the case of two photon hyper-entangled states in a (4x4) Hilbert space [13] , i.e. simultaneously maximally entangled in two degrees of freedom, as for instance the field's polarization (π) and the spatial momentum (k) [14] . In this way the intrinsic limitation of SPDC where no more than one photon pair is created in any elementary annihilation-creation process can be easily overcome. In most protocols of quantum information (QI) these 2−fold hyperentangled states associated to a pair of correlated particles act as 4−particles in the usual entanglement configuration. Indeed, the first and foremost application of the (π − k) entanglement was the first Quantum State Teleportation experiment carried out in Rome in 1997 [15] . In that experiment the complete analysis at the Alice's site of the four orthogonal Bell states with 100% efficiency was realized, a result otherwise impossible to achieve with standard entanglement and linear optical techniques [16] . In this letter we report on the systematic production and characterization of (π − k) hyper-entangled photon pairs, generated by an "ad hoc" flexible parametric source recently developed in our laboratory. This device will be then adopted to successfully realize the experimental "all versus nothing" test of quantum nonlocality.
The source adopted in this experiment is schematically shown in Fig. 1a . It has been extensively described in previous papers [17] . The 2−photon states generated over the emission cone of a 0.5 mm thick β-barium-borate (BBO) type I crystal, were simultaneously entangled in polarization and momentum. Polarization (π) entanglement was obtained by quantum superposition of the two overlapping radiation cones generated at the same wavelength λ = 728nm by BBO, excited in two opposite directions by a cw Argon laser at (λ p = λ/2). The two cones were then carefully overlapped by means of a spherical back-mirror (M). The overall radiation is expressed by the maximally entangled state Entangled states, either pure or controllable mixed states, have been created in a flexible way by the same source [18] . Momentum (k) entanglement was realized, under excitation of either one of the two overlapped radiation cones, by a four hole screen which allowed to select two pairs of correlated k-modes, a 1 − b 2 and a 2 − b 1 within the conical emission of the crystal: Fig. 1a [19] . The straight lines connecting on the screen the holes leaving through the correlated pairs intercross at an angle α = 18
• . The "phase-preserving" character of the SPDC process allowed to keep the phase difference φ between the two pair emission to the value φ = 0, regardless the value of α. The phase φ can be set by means of a tilted thin glass plate intercepting mode a 2 . Hence, for each SPDC generated cone, the k− entangled states |ψ = 2 
where, in |Ψ ± , θ = 0, π and in |ψ ± , ϕ = 0, π. This argument is purely logical and doesn't involve inequalities. However inequalities are necessary as a quantitative test in a real experiment in order to avoid the conceptual problems associated to the realization of a null experiment. This can be given by an all versus nothing violation of local realism [13] .
In our experiment the hyper-entangled state |Ξ − − = |Ψ − ⊗ |ψ − has been adopted to perform the nonlocality test. It is based on the estimation of the operator
, and the condition for violation of local realism is O > 7, while the expected value of O according to quantum mechanics is O = 9 [13] . In the above expression the Pauli operators:
allow the state transformations:
The nine operators which contribute to determine the expected value of the O must be evaluated in order to measure a violation of local realism. It can be observed if the minimum value of entanglement visibility is 7/9 [13] . The measured visibilities of polarization and momentum entanglement obtained by our system are suitable on this purpose.
The experimental apparatuses to observe violation are sketched in Fig. 2a,b . In both cases the polarization analyzers on each detection arm, a 
, and Fig. 2b shows the optical setup for measuring x 
